The rehabilitation robot is an application of robotic technology for people with limb disabilities. This paper investigates a new applicable and effective sitting/lying lower limb rehabilitation robot (the LLR-Ro). In order to improve the patient's training initiative and accelerate the rehabilitation process, a new motion intention acquisition method based on static torque sensors is proposed. This motion intention acquisition method is established through the dynamics modeling of human-machine coordination, which is built on the basis of Lagrangian equations. Combined with the static torque sensors installed on the mechanism leg joint axis, the LLR-Ro can obtain the active force from the patient's leg. Based on the variation of the patient's active force and the kinematic functional relationship of the patient's leg end point, the patient motion intention is obtained and used in the proposed active rehabilitation training method. The simulation experiment demonstrates the correctness of mechanism leg dynamics equations through ADAMS software and MATLAB software. The calibration experiment of the joint torque sensors' combining limit range filter with an average value filter provides the hardware support for active rehabilitation training. The consecutive variation of the torque sensors from just the mechanism leg weight, as well as both the mechanism leg and the patient leg weights, obtains the feasibility of lower limb motion intention acquisition.
Introduction
Cerebral vascular disease, hemiplegic, and paraplegia may cause limb motor dysfunction. For patients with limb dysfunction, the quality of life depends on the level of limb damage. Based on nerve rehabilitation theory, patients can recover through specialized rehabilitation training [1] [2] [3] . The lower limb rehabilitation robot is an application of robotic technology for people with lower limb disabilities [4] . In recent years, research on the lower limb rehabilitation robots has become an active topic [5, 6] . Several kinds of lower limb rehabilitation robots have been developed [7] . These can be divided into the single degree-of-freedom gait trainers [8] , wearable gait trainers [9, 10] , suspended gait trainers [11] [12] [13] [14] , and sitting/lying gait trainers [15, 16] . Switzerland has developed a suspended gait trainer, Lokomat, whose left and right mechanism legs can assist patients to simulate the walking gait of normal people and restore the control ability of the nervous system to walk [17, 18] . M. Bouri et al. developed a new rehabilitation robot, Lambda. Based on two translational articulations and one rotational for ankle mobilization, the patient's hip, knee, and ankle can conveniently be mobilized in the LLR-Ro to transfer the patient on the robot easily without the help of another auxiliary device. The innovative design of the movable seat can also help the patient realize sitting or lying on it fairly easily.
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The angular position and angular velocities of each rod centroid were calculated:
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Then the total kinetic energy of the mechanism leg E k was:
where E ki (i = 1, 2, 3) represents the kinetic energy of the rod i, m i (i = 1, 2, 3) represents the weight of the rod i and I i represents the rotational inertia of the rod i. The total potential energy of the mechanism leg E p was:
where E pi (i = 1, 2, 3) represents the potential energy of the rod i. Lagrange function is defined as the difference between the total kinetic energy (K) and the total potential energy (P) of the mechanical system [35] :
By using Lagrange function, the system dynamics equation (the second Lagrange equation) [35] was:
where θ represents the generalized coordinates of the kinetic energy and potential energy system, .
θ represents the generalized velocity of the system, and τ represents the driving torque vector.
As the potential energy E P did not contain . q obviously, the dynamics equation was transformed into [35] :
Each joint torque was calculated:
The dynamics equation was simplified as follows [35] :
where, H(θ) represents the inertia matrix, C(θ, . θ) represents the centrifugal force and the Coriolis force matrix, and G(θ) represents the gravity matrix.
The contact force between the lower limb of the patient and the end of the mechanism leg changed in real time with the movement of the mechanism leg. When we just considered the effect on the joint torque of the mechanism leg from patient leg weight, the joint torque τ p generated by the endpoint force was obtained based on the force Jacobin formula [35] :
where J T (θ) represents the force Jacobin matrix of the mechanism legs and F 0 represents the contact force between the patient's leg and the mechanism leg while the patient does not exert active force.
Combined with the mechanism leg's kinematics, the expression J T (θ) was obtained:
Combined with the robot dynamics equation, the dynamics modeling of human-machine coordination was obtained when the patient's leg was put on the rehabilitation robot:
Results
Verification of the Mechanism Leg Dynamics Equations
The dynamics equations of the LLR-Ro were so complicated and the solution procedure was tedious. It is very necessary to prove the correctness of the derivative results. The verification of the dynamics equation was conducted through ADAMS software and MATLAB software. ADAMS software, designed by American MSC Company, was used for the multi-body dynamics simulation. Figure 7 shows the simulation model developed through ADAMS. The dynamics equations of the LLR-Ro were so complicated and the solution procedure was tedious. It is very necessary to prove the correctness of the derivative results. The verification of the dynamics equation was conducted through ADAMS software and MATLAB software. ADAMS software, designed by American MSC Company, was used for the multi-body dynamics simulation. Figure 7 shows the simulation model developed through ADAMS. The model is a three linkage manipulator. It has three joints moving in xy-plane. The first joint is the hip joint and the second is the knee joint. The third joint is the ankle joint and it is locked. The detailed parameters of the three linkage manipulator are given as below in Table 1 . 
Where 11
θ and 12 θ are the hip joint angular position at the times 0 4 t ≤ ≤ and 4 8 t ≤ ≤ , respectively.
The driving function of the knee joint is given as below:
( ) ( ) 
where 21 θ and 22 θ are the knee joint angular position at the times 0 4 t ≤ ≤ and 4 8 t ≤ ≤ , respectively.
Then we obtained the hip joint and knee joint actual driving torque through ADAMS, as shown in Figure 7 . Meanwhile, we also achieved the theoretical driving torques based on the dynamics Equations (8) and (9) . According to the driving function of joints, the velocity and accelerations of the hip and knee joints were obtained as below: The model is a three linkage manipulator. It has three joints moving in xy-plane. The first joint is the hip joint and the second is the knee joint. The third joint is the ankle joint and it is locked. The detailed parameters of the three linkage manipulator are given as below in Table 1 . The simulation time was t = 8 s, and the driving function of the hip joint is given as below:
where θ 11 and θ 12 are the hip joint angular position at the times 0 ≤ t ≤ 4 and 4 ≤ t ≤ 8, respectively. The driving function of the knee joint is given as below:
where θ 21 and θ 22 are the knee joint angular position at the times 0 ≤ t ≤ 4 and 4 ≤ t ≤ 8, respectively. Then we obtained the hip joint and knee joint actual driving torque through ADAMS, as shown in Figure 7 . Meanwhile, we also achieved the theoretical driving torques based on the dynamics Equations (8) and (9) . According to the driving function of joints, the velocity and accelerations of the hip and knee joints were obtained as below:
The theoretical driving torques were also obtained through MATLAB, as shown in Figure 8 . Based on the contrast curves, the theoretical curves basically fit with the actual curves. So we could conclude that the dynamics equations of the LLR-Ro are correct. 
Calibration Experiment of the Joint Static Torque Sensors
In active training, the torque sensors are important for the whole control. The calibration experiment of torque sensors was conducted. The voltage values of the torque sensors were obtained through the analogue acquisition PL2318. The voltage values were processed through the combing limit range filter with an average value filter. The merit of this filtering method is that it can overcome accidental jamming and the curve of the voltage value is smooth. The calibration of the hip joint torque sensor was similar to the calibration of the knee joint torque sensor. The detailed calibration process of the hip joint torque is introduced in Figure 9 .
Through data processing, the calibration curves of the hip and knee joint torque sensors were obtained, as shown in Figure 10 . The curves can be described through the below expression:
, (17) where and represent the hip joint torque and the knee joint torque, and their units are Nm, and and represent the voltage value of hip joint torque and knee joint torque, and their units are V. 23 
where M 1 and M 2 represent the hip joint torque and the knee joint torque, and their units are Nm, and V 1 and V 2 represent the voltage value of hip joint torque and knee joint torque, and their units are V. 
Verification Experiment of the Motion Intension Acquisition Based on Biomechanics
Based on the calibration experiment of the joint torque sensors, there existed errors between the actual torques and the theoretical torques. It was necessary for the joint torques to set a given threshold values. The given threshold values were obtained through the experiment, as shown in Figure 11 . Then theoretical torques and the actual torques just from the mechanism leg weight were also obtained, as shown in Figure 12 . The experiment curves were similar to the theoretical curves. However, the errors were very large at the start of the experiment, because of the heavy mechanism leg and the mechanism assembly error. The maximum errors of the hip joint and the knee joint from Figure 9 . The calibration experiment of torque sensors: (a) The thigh of the mechanism leg is set at the horizontal position; (b) One point is marked from the hip joint axis 585 mm; (c) The analytical weights (each weight is 2.5 kg) are put on the marked point one by one until the weight equals 17.5 kg; (d) The weights start to be unloaded one by one until it equals 0 kg. The steps above are repeated three times, and the voltage values are processed through the combing limit range filter and average value filter. 
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Based on the calibration experiment of the joint torque sensors, there existed errors between the actual torques and the theoretical torques. It was necessary for the joint torques to set a given threshold values. The given threshold values were obtained through the experiment, as shown in Figure 11 . Then theoretical torques and the actual torques just from the mechanism leg weight were also obtained, as shown in Figure 12 . The experiment curves were similar to the theoretical curves. However, the errors were very large at the start of the experiment, because of the heavy mechanism leg and the mechanism assembly error. The maximum errors of the hip joint and the knee joint from the mechanism leg weight were 9.82 Nm and 3.89 Nm, respectively. So the given threshold values of the hip joint torque and the knee joint torque were set to 10 Nm and 5 Nm, respectively. the mechanism leg weight were 9.82 Nm and 3.89 Nm, respectively. So the given threshold values of the hip joint torque and the knee joint torque were set to 10 Nm and 5 Nm, respectively. Figure 11 . The experiment to obtain the joint torques from the mechanism leg weight.
(a) (b) Figure 12 . The calibration curves of the joint torque sensors: (a) Hip torque just from the mechanism leg weight; (b) Knee torque just from the mechanism leg weight.
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One volunteer participated in the experiment and his leg was put on the mechanism leg, as shown in Figure 13 . the mechanism leg weight were 9.82 Nm and 3.89 Nm, respectively. So the given threshold values of the hip joint torque and the knee joint torque were set to 10 Nm and 5 Nm, respectively. Figure 11 . The experiment to obtain the joint torques from the mechanism leg weight.
One volunteer participated in the experiment and his leg was put on the mechanism leg, as shown in Figure 13 . Figure 14 shows the theoretical and experiment joint torque curves from the mechanism leg and volunteer leg weight. The maximum error of the hip joint without active force was 9.08 Nm and the maximum error of the knee joint without active force was 3.91 Nm. Figure 14 shows the theoretical and experiment joint torque curves from the mechanism leg and volunteer leg weight. The maximum error of the hip joint without active force was 9.08 Nm and the maximum error of the knee joint without active force was 3.91 Nm.
(a) (b) Figure 14 . Joint torques from the mechanism leg and patient leg weights: (a) Hip torque from the mechanism leg and patient leg weights; (b) Knee torque from the mechanism leg and patient leg weights.
Discussion
From the calibration curves of the joint torque sensors in Figure 10 , the actual test points were closely distributed around the fitting curves, reflecting that the torque sensor had better linear characteristics. However, because of the complex structure of the components around the torque sensor, and the processing accuracy, installation error, and the wear and amplification error of the conditioning board, there was a deviation between the function relationship between the voltage value of the torque sensor in the real state and the ideal state.
At the start, the errors in Figure 14 were smaller than the errors in Figure 12 because the volunteer's leg weights were just like a pre-tightening force, making the transmission error on the mechanism leg smaller. It was demonstrated that the proposed threshold values of the joint torques were satisfied for future experiments. All the errors in Figure 14 were in the scope of the threshold values. From Figures 12 and 14 , although the volunteer's leg weight was much lighter than the mechanism leg weight, the variations of the joint torques were prominent. If the patient exerted his active force on the mechanism leg, the variations of joint torques could be much larger. Based on the variations of the joint torques, the principle of detecting the volunteer motion intention is clear and feasible.
Compared with other methods, like EMG, for obtaining patient motion intention, this method may be more suitable for continuous active rehabilitation training control. This is because the EMG signals would be reduced with the patient limb becoming stronger, while the variations of the LLR-Ro torque sensors would be increased. In the future, the research team will continue conducting clinical trials to verify the excellent effect of the active rehabilitation training based on the biomechanics and differential analysis through biomechanics signals and EMG signals on the LLR-Ro.
Conclusions
This paper investigates a new applicable and effective sitting/lying multi-joint lower limb rehabilitation robot. In order to improve patient's training initiative and accelerate the rehabilitation process, a new motion intention acquisition method based on biomechanics is proposed. The simulation experiment demonstrates the correctness of the mechanism leg dynamics equations, the calibration experiment of the joint torque sensors provides the hardware support for active Knee joint Torques (Nm) Figure 14 . Joint torques from the mechanism leg and patient leg weights: (a) Hip torque from the mechanism leg and patient leg weights; (b) Knee torque from the mechanism leg and patient leg weights.
Discussion
Conclusions
This paper investigates a new applicable and effective sitting/lying multi-joint lower limb rehabilitation robot. In order to improve patient's training initiative and accelerate the rehabilitation process, a new motion intention acquisition method based on biomechanics is proposed. The simulation experiment demonstrates the correctness of the mechanism leg dynamics equations, the calibration experiment of the joint torque sensors provides the hardware support for active rehabilitation training, and the consecutive variation of the torque sensors from just the mechanism leg weight and both the mechanism leg and patient leg weights obtains the feasibility of lower limb motion intention acquisition. In the future, new active rehabilitation training for the LLR-Ro will be proposed on the basis of the motion intention acquisition method in this paper. Meanwhile, the patients' recovery efficiency through the future active rehabilitation training method will be verified in clinical trials.
